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%HDULQJ VWUXFWXUHV RI FRQFUHWH EULGJH IRU JUHDW VSDQV KDYH VLJQLILFDQW ZHLJKW WKHUHIRUH WKH HIIHFWLYHQHVV RI
VHFWLRQXVLQJLVTXLWHORZHYHQLQFDVHRIWKHDSSOLFDWLRQRIER[FURVVVHFWLRQV7KHDWWHPSWWRUHGXFHWKHHIIHFWVRI
SHUPDQHQW ORDG KDV OHG WR WKH GHVLJQ RI QHZ W\SHV RI SUHVWUHVVHG FRQFUHWH EULGJHV LQ WKH IRUPRI FRPSRVLWH ER[
JLUGHU,WVFURVVVHFWLRQZDVIRUPHGIURPWZRFRQFUHWHIODQJHVXSSHUDQGERWWRPRQHDQGWKHFRQFUHWHZHEVZHUH
UHSODFHGZLWKVWHHOZHEVHLWKHUVWUDLJKWRUFRUUXJDWHGRQHV3UHVWUHVVLQJWHQGRQVZHUHSODFHGLQFRQFUHWHIODQJHVDQG
WKH WUDMHFWRU\RIH[WHUQDOFDEOHVZDVFKDQQHOHGE\WKHVWHHOGHYLDWRUV7KLV W\SHRIEULGJHZDVGHYHORSHGDQGILUVW
XVHG LQ LQ)UDQFH LQ*HUPDQ\ LWZDVEXLOW LQDQG LQ -DSDQ LQ'HVLJQVDQG UHDOL]DWLRQVRI WKHVH
EULGJHVIURPUHFHQWSHULRGVDUHLWHPL]HGLQ>@DQGRWKHUV
1RZDGD\V WKHUH LV WKH HIIRUW WR UHSODFH WKH VWHHO ZHEV ZKLFK DUH H[SRVHG WR FRUURVLRQ DQG WKXV GHPDQGLQJ
PDLQWHQDQFHZLWKZHEVIURP)53SODWHV6WUDLJKWRUFRUUXJDWHGZHEVFDQEHWDNHQLQWRDFFRXQW+\SRWKHVHVRIWKLV
DSSOLFDWLRQRI)53PDWHULDOVLQGHVLJQRIEULGJHVHFWLRQZHUHSDUWLDOO\HODERUDWHGDQGH[SHULPHQWDOO\YHULILHGLQ>@
5HVHDUFKDFWLYLWLHVRIRXUGHSDUWPHQWDUHIRFXVHGRQGHVFULEHGVXEMHFW2QHRIWKHSDUWLDOSUREOHPVRIDSSOLFDWLRQ
RIWKH)53PDWHULDOVLQGHVLJQRIEULGJHVHFWLRQLVDOVRWKHLVVXHRILQWHUDFWLRQEHWZHHQFRQFUHWHIODQJHVDQG*)53
ZHEWKDWZDVVWXGLHGLQH[SHULPHQWDODQGQXPHULFDODQDO\VLV7KHDFTXLUHGNQRZOHGJHZDVXVHGDVDEDVLVIRUGHVLJQ
DQGWHVWLQJRI5&EHDPVZLWKWKHZHEVRI*)53FRPSRVLWHV
,Q WKLVSDSHU WKH UHVXOWVRIH[SHULPHQWDOSURJUDPRISXVK WHVW DQG WKHLU FRPSDULVRQZLWK WKHRUHWLFDO UHVLVWDQFH
DFFRUGLQJWRYDULRXVDXWKRUVDVZHOODVZLWKWKHUHVXOWVRIQXPHULFDODQDO\VLVLQVRIWZDUH$7(1$'DUHSUHVHQWHG
3XVKWHVWGHVFULSWLRQ
:LWKLQH[SHULPHQWDOSURJUDPRQWKHEDVLVRIWKHUHVXOWVRIQXPHULFDOVLPXODWLRQVUHDOL]HGLQVRIWZDUH$7(1$
'WKUHHVHULHVRIVSHFLPHQVZHUHPDGHDQGWHVWHG7KHFRQFUHWHGRZHOVDFTXLUHGE\SHUIRUDWLQJRIWKH*)53
ZHEOLNHLQWKHFDVHRIVWHHOSHUIRUDWHGSODWHVZHUHXVHG7KHVHULHVODEHOOHG³$´³%´³&´YDULHGRQO\E\PXWXDO
D[LDOGLVWDQFHRIFRQFUHWHGRZHOWKDWZDVPPLQWKHVHULHV³$´PPLQWKHVHULHV³%´DQGPPIRUWKHVHULHV
³&´

 
)LJD7KHVFKHPHRIWKHKDOIRIWHVWVSHFLPHQRIVHULHV³%´EVSHFLPHQUHLQIRUFHPHQW
2QWKHEDVLVRIWKHUHVXOWVRISUHYLRXVQXPHULFDODQDO\VHVWKHYDOXHVRIPPIRUWKHHPEHGPHQWGHSWKRIWKH
*)53ZHELQWRWKHFRQFUHWHIODQJHPPIRUWKHGLDPHWHURIFRQFUHWHGRZHODQGFRQFUHWHVWUHQJWKRI&ZHUH
VHOHFWHG7KHVSHFLPHQVZHUHUHLQIRUFHGLQWKHFRUQHUVZLWKWKHUHLQIRUFHPHQWRIĭPPWUDQVYHUVDOUHLQIRUFHPHQW
RIĭPPDQGDGGLWLRQDOEDUVRIĭPPLQD[LDOGLVWDQFHRIPPVHH)LJ
7KH)53ZHEZDVIRUPHGIURP*)53GHFNFRPSRVLWHVFRPSRVHGRIOD\HUVRIJODVVILEHUVV\PPHWULFDOO\
DUUDQJHGVKHHWV4*;VHH)LJDQGRIWKHSRO\HWK\OHQHPDWUL[$5232/.7(SURGXFHGE\WKHILUP
',3(;2YHUDOOWKLFNQHVVRIWKHJODVVODPLQDWHZDVPPPP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7KHUHVLVWDQFHRIWKHFRQQHFWLRQZDVLQFUHDVHGE\VDQGEODVWLQJRIWKHRXWHUSDUWVWKHFRPSRVLWHZHELQWKHZLGWK
RIPPWKDWLVFRQWDFWZLWKWKHFRQFUHWH)RUWKLVSXUSRVHDWZRFRPSRQHQWJOXH3&,5LJDPXOV6%RGHQZDV
XVHG

)LJ0XOWLOD\HUFRPSRVLWHZLWKJODVVILEHUV
*UDGXDOO\LQFUHDVLQJVKRUWWHUPWHVWVZLWKXQORDGLQJZHUHFRQGXFWHGLQIRUFHFRQWUROOHGORDGLQJ7KHORDGLQJZDV
LQFUHDVHGJUDGXDOO\LQWKHLQFUHPHQWVXSWRWKHYDOXHRIRIH[SHFWHGUHVLVWDQFHRIWKHFRQQHFWLRQDFFRUGLQJWR
HTXDWLRQ$WWKLVORDGLQJOHYHOORDGLQJDQGXQORDGLQJF\FOLQJZDVFRPPHQFHGLQWKHUDQJHIURPWR
RIHVWLPDWHGUHVLVWDQFHF\FOHVWRJHWKHU7KHQWKHWHVWFRQWLQXHGLQORDGLQJLQFUHPHQWVXQWLOUHDFKLQJWKHXOWLPDWH
UHVLVWDQFH$IWHUWHVWLQJWKHILUVWVSHFLPHQWKH³DQWLFLSDWHG´UHVLVWDQFHRIWKHRWKHUVVSHFLPHQVZDVUHGXFHGWRWKH
PHDVXUHVYDOXH,QHDFKORDGLQJVWHSWKHYDOXHVRIVOLSDQGVOLSVSHHGLQFUHDVHZHUHPHDVXUHG7KHPHDVXUHPHQWV
ZHUHGRQHDIWHUVWPLQXWHIURPUHDFKLQJDORDGLQJOHYHO LIQHFHVVDU\DIWHUPLQXWHVXQWLOVOLSVWDELOL]DWLRQ7KH
VOLSZDVFRQVLGHUHGDVVWDEOHLIWKHYDOXHRILQFUHDVHRILWVVSHHGGHFUHDVHGEHORZPPPLQ
$QDUUDQJHPHQWRIWKHSXVKWHVW LVVKRZQLQ)LJWKDWSUHVHQWVWKHWHVWRIWKHVSHFLPHQ&7KHGHIRUPDWLRQ
PHDVXUHPHQWV ZHUH GRQH E\PHDQV RI SRWHQWLRPHWULF WUDQVGXFHUV 757KHPRQLWRULQJ SODFHV DUH LOOXVWUDWHG LQ
)LJ

)LJ7KHJHQHUDOYLHZRIWKHWHVW
UHLQIRUFHPHQWILEUHV
 
 
FKRSSHGILEUHV 3(6VWLWFKLQJ
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&RPSDULVRQRIWKHH[SHULPHQWDOUHVXOWVZLWKDWKHRUHWLFDODQDO\VLV
,QWKHSXVKWHVWIDLOXUHPRGHVFDQEHREVHUYHGVKHDUIDLOXUHRIDFRQFUHWHGRZHOEHDULQJIDLOXUHRIDFRQFUHWH
GRZHODQGWKHIDLOXUHRID*)53ZHE
'HWHUPLQDWLRQRID OLPLWEHWZHHQVKHDU IDLOXUHRI WKHFRQFUHWHGRZHO VPDOOGRZHOVDQGEHDULQJ IDLOXUH ODUJH
GRZHO FDQ EH GRQH RQ WKH EDVLV RI WKH UDWLRܣ௦Ȁܣ஼  ZKHUHܣ௦ ൌ ߨ݀ଶȀͶDQGܣ஼ ൌ ݀ݐ 7KH VKLIW EHWZHHQ IDLOXUH
PRGHVLVRFFXUUHGZKHQWKHUDWLRLVܣ௦ ܣ஼Τ ൏ ͵ǤͶͳIRUWKHVKHDUIDLOXUHRIWKHVPDOOGRZHOVDQGܣ௦ ܣ஼Τ ൒ ͶǤͻIRUWKH
EHDULQJIDLOXUHRIWKHODUJHGRZHOV>@)RUVHOHFWHGKROHGLDPHWHURIG PPDQGWKHWKLFNQHVVRIWKHODPLQDWHRI
W PPWKHUDWLRܣ௦ ܣ஼Τ ൌ ʹǤͳͺ ൏ ͵ǤͶͳZKLFKFRUUHVSRQGVWRWKHVKHDUIDLOXUHRIWKHGRZHOVVPDOOGRZHOV
$ IRUPXOD IRU WKH VKHDU UHVLVWDQFH RI D GRZHO FDQ EH IRXQG LQ >@ ,WV DGDSWDWLRQ WR FXEH VWUHQJWK RI FRQFUHWH
PHDVXUHGRQWKHFXEHVZLWKWKHVL]HRIPPLVIROORZLQJ
FXEHFWHRUX IG3     
ZKHUH ݀ LVFRQFUHWHGRZHOGLDPHWHU
 ௖݂ǡ௖௨௕௘ LVFRPSUHVVLYHFXEHVWUHQJWKRIFRQFUHWH
&RQVLGHULQJWKHVDIHW\LWLVUHFRPPHQGHGWRUHGXFHWKHUHVLVWDQFHRIWKHFRQFUHWHGRZHODFFRUGLQJWRHTXDWLRQ
LQ>@E\7KHQHTXDWLRQFDQEHZULWWHQLQWKHIROORZLQJIRUP
FXEHFWHRUX IG3     
$FFRUGLQJWR>@WKHVKHDUUHVLVWDQFHRIDGRZHOLVJLYHQLQ
FXEHFWHRUX IG3     
7KH UHVLVWDQFH ௨ܲǡ௧௘௢௥ RI WKH FRQFUHWH GRZHO DFFRUGLQJ WR >@ ZDV GHWHUPLQHG SXUVXDQW WKH FXEH VWUHQJWK RI
FRQFUHWH ௖݂ǡ௖௨௕௘LQWKHIROORZLQJIRUP
FXEHFWHRUX I3     
7DEOH&RPSDULVRQRIORDGFDUU\LQJFDSDFLWLHVRIVKHDUFRQQHFWLRQV([SHULPHQW7KHRUHWLFDOPRGHOV
6SHFLPHQ ௖݂ǡ௖௨௕௘ 
ሾܰ ή ݉݉ିଶሿ
ܲ 
ሾ݇ܰሿ
ݍ௨ǡ௘௫௣ 
ሾ݇ܰ ή ݉ିଵሿ
ܲȀ ௨ܲǡሺଵሻ ܲ ௨ܲǡሺଶሻΤ  ܲ ௨ܲǡሺଷሻΤ  ܲ ௨ܲǡሺସሻΤ  )DLOXUHPRGH
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   'RZHOVKHDUIDLOXUH
$        'RZHOVKHDUIDLOXUH
$        'RZHOVKHDUIDLOXUH
%        'RZHOVKHDUIDLOXUH
%        'RZHOVKHDUIDLOXUH
%        'RZHOVKHDUIDLOXUH
&        *)53ZHEVKHDUIDLOXUH
&        'RZHOVKHDUIDLOXUH
&        *)53ZHEVKHDUIDLOXUH

7DEOHSUHVHQWV WKH YDOXHVRI WKH FXEH VWUHQJWKRI FRQFUHWH IFFXEH WKHPD[LPDO YDOXHVRI WKH H[SHULPHQWDOO\
PHDVXUHGIRUFHV3 WKHYDOXHVRIWKHVKHDUIORZTXH[SDQGWKHIDLOXUHPRGHRI WKHVSHFLPHQV7KHQWKH7DEOH
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VKRZVWKHUDWLRRIWKHH[SHULPHQWDOYDOXHVRIWKHFRQQHFWLRQUHVLVWDQFHDQGWKHWKHRUHWLFDOYDOXHVGHWHUPLQHGZLWK
HTXDWLRQVIURPWR7KHIDLOXUHPRGHRIWKHVSHFLPHQVZLWKWKHD[LDOGLVWDQFHRIWKHFRQFUHWHGRZHOVRIPP
VHULHV$DQGPPVHULHV%ZDV VKHDU IDLOXUHRI WKHFRQFUHWHGRZHO6KHDU IDLOXUHRI WKHFRQFUHWHGRZHOZDV
RFFXUUHG DV ZHOO DV LQ WKH VSHFLPHQ & ZLWK WKH D[LDO GLVWDQFH RI GRZHOV RI  PP 7KH IDLOXUH PRGH RI WKH
VSHFLPHQV&DQG&ZDVVKHDUIDLOXUHRIWKH*)53ZHE7KHVSHFLPHQ$UHDFKHGVLJQLILFDQWO\ORZHUUHVLVWDQFH
GHVSLWHWKHJUHDWHUFXEHVWUHQJWKRIFRQFUHWH8QOLNHRWKHUVSHFLPHQVWKHZHERIWKLVVSHFLPHQZDVUHYHUVHGZKLFK
DOORZHG WRREVHUYH WKH LQIOXHQFHRI WKHGLVWDQFHRI WKH ILUVWGRZHO IURPXSSHUFRQFUHWHVXUIDFHRQ WKHFRQQHFWLRQ
UHVLVWDQFH
)LJ5HODWLRQVKLSEHWZHHQORDGFDUU\LQJFDSDFLWLHVRIVKHDUFRQQHFWLRQVIURPH[SHULPHQWDODQDO\VLVDQGWKHRUHWLFDOFDOFXODWLRQDFFRUGLQJWR
IRUPXODVDQG
)URP )LJ  LW LV REYLRXV WKDW WKH H[SHULPHQWDO UHVXOWV DUH WKH PRVW LQ DFFRUGDQFH ZLWK WKH WKHRUHWLFDO VKHDU
UHVLVWDQFHRIWKHFRQFUHWHGRZHOH[SUHVVHGE\HTXDWLRQ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0DWHULDO 0DWHULDOHOHPHQW
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)LJ1XPHULFDOPRGHORISXVKWHVWVSHFLPHQ
7KHVL]HRIWKHILQLWHHOHPHQWVLQSODFHRIWKHFRQFUHWHGRZHOVKDVDVLJQLILFDQWLQIOXHQFHRIWKHQXPHULFDOYDOXH
RIFRQQHFWLRQUHVLVWDQFHREWDLQHGIURPWKHPRGHOLQ$7(1$'7KHVWLIIQHVVRIWKHFRQQHFWLRQLVDIIHFWHGE\WKH
VWLIIQHVVRIWKHFRQWDFW

)LJ7KHFRPSDULVRQRIWKHPHDVXUHGVOLSEHWZHHQFRQFUHWHDQG*)53SDQHOZLWKQXPHULFDODQDO\VLV
)URP)LJLWLVREYLRXVWKDWWKHUHVXOWVRIWKHQXPHULFDODQDO\VLVDUHLQJRRGDFFRUGDQFHZLWKWKHH[SHULPHQWDO
UHVXOWVFRQFHUQLQJWKHUHVLVWDQFHDQGDOVRWKHVOLSEHWZHHQWKHFRQFUHWHDQGWKH*)53ERDUG)RUDEHWWHUGHSLFWLRQ
RIWKHFRQWDFWVWLIIQHVVLQWKHPRGHOLWLVQHFHVVDU\WRGRWKHDGGLWLRQDOWHVWVGHVFULELQJWKHEHKDYLRURIWKHFRQWDFW
EHWZHHQFRQFUHWHDQGWKH*)53PDWHULDODQGWKHLQIOXHQFHRIVDQGEODVWLQJ
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
)LJD/RDG6OLSGLDJUDPRIVKHDUFRQQHFWLRQIRUGLIIHUHQWFODVVHVRIFRQFUHWHQXPHULFDODQDO\VLV
E/RDG6OLSGLDJUDPRIVKHDUFRQQHFWLRQIRUGLIIHUHQWFODVVHVRIFRQFUHWHQXPHULFDODQDO\VLV
)LJDVKRZVWKHUHODWLRQIRUFHVOLSEHWZHHQWKHFRQFUHWHDQGWKH*)53ZHEDWYDU\LQJTXDOLW\RIWKHFRQFUHWH
IODQJHVEXWZLWKWKHVDPHFRQWDFWFKDUDFWHULVWLFV)RUSDUDPHWULFDODQDO\VLVYDULRXVYDOXHVRIWKHFRQFUHWHVWUHQJWK
LQ QXPHULFDO PRGHO ZHUH XVHG &  &  H[SHULPHQW &  DQG &  7KH LQIOXHQFH RI WKH
WUDQVYHUVDO UHLQIRUFHPHQW FDQ EH REVHUYHG LQ )LJ E 7KH GLIIHUHQW GHJUHH RI UHLQIRUFHPHQW LV VLPXODWHG LQ WKH
PRGHOZLWKGLIIHUHQWUHLQIRUFHPHQWGLDPHWHUĭPPH[SHULPHQWPPDQGPP

&RQFOXVLRQV
7KHGHYHORSPHQWRIWKHDSSOLFDWLRQRIWKH*)53PDWHULDOVIRUUHFRQVWUXFWLRQVUHSDLUVDQGVWUHQJWKHQLQJRIWKH
UHLQIRUFHGFRQFUHWHEHDPVKDVEHHQSURJUHVVHGLQUHFHQW\HDUV7KHDWWHPSWWRUHSODFHFRQFUHWHRUVWHHOZHEVRIER[
FURVVVHFWLRQVRIEULGJHVZLWKWKHZHEVRI*)53SDQHOVDSSHDUVWREHRQHRIWKHSRVVLEOHVROXWLRQV2QWKHEDVLVRI
WKH UHDOL]HG H[SHULPHQWV LW FDQ EH VWDWHG WKDW FRQQHFWLRQ EHWZHHQ WKH FRQFUHWH IODQJH DQG WKH *)53 ZHE KDV
FRPSDUDEOH UHVLVWDQFH DV FRQQHFWLRQ FRQFUHWHVWHHO LQ FDVH WKHPDQDJLQJ IDLOXUHPRGH LV WKHGRZHO VKHDU IDLOXUH
+RZHYHUWKHLUSUDFWLFDOXVHUHTXLUHVIXUWKHUH[SHULPHQWDOWKHRUHWLFDODQGDOVRQXPHULFDODQDO\VLVRIWKHFRQQHFWLRQ
V\VWHPEHWZHHQ5&VODEVDQG*)53ZHEV
$FNQRZOHGJHPHQWV
7KLVZRUNZDVVXSSRUWHGE\WKH6ORYDN5HVHDUFKDQG'HYHORSPHQW$JHQF\XQGHUFRQWUDFW1R$399
DQGE\5HVHDUFK3URMHFW1RRI6ORYDN*UDQW$JHQF\
5HIHUHQFHV
>@.7DJXFKL72JDZD.7RLVL+7DNDVKLPD'HVLJQDQG&RQVWUXFWLRQRI3UHVWUHVVHG&RQFUHWH%ULGJHZLWK&RUUXJDWHG6WHHO:HE ,Q
3URFHHGLQJVRIWKHILUVWILE&RQJUHVV2VDNDSS±
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>@+5RHVOHU*'HQ]HU7KH3UHVWUHVVHG&RQFUHWH%ULGJH$OWZLSIHUJUXQGZLWK&RUUXJDWHG6WHHOZHEV,Q3URFHHGLQJVRIWKHILUVWILE&RQJUHVV
2VDNDSS±
>@.1LLWDQL$+LUR\XNL8*RVVOD$1HZ*HQHUDWLRQRI3UHVWUHVVHG&RQFUHWH&RPSRVLWH%ULGJHVZLWK)533DQHO:HE,Q3URFHHGLQJVRI
WKHILUVWILE&RQJUHVV2VDNDSS±
>@05RYĖiN$ĆXULFRYi..XQGUiWď1Dć&RPSRVLWHVWHHOFRQFUHWHEULGJHV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>@) /HRQKDUGW:$QGUD:+DUUH1HXHV YRUWHLOKDIWHV9HUEXQGPLWWHO IXU6WDKOYHUEXQG7UDJZHUNHPLWKRKHU'DXHUIHVWLJNHLW%HWRQXQG
6WDKOEHWRQEDX9RO1RSS±
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LQ6ORYDN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/HWWHUVRIWKH8QLYHUVLW\RI=LOLQD9ROSS±
>@3.RWXOD(IIHFWRQH[WHUQDOO\ERQGHG)53VWULSVRQWKHVKHDUFDSDFLW\RIUHLQIRUFHGFRQFUHWHEHQGLQJHOHPHQWVLQ6ORYDN9,,,&RQIHUHQFH
ZLWK LQWHUQDWLRQDO SDUWLFLSDWLRQ VWDWLFVWUXFWXUDO DQG VWUXFWXUDOSK\VLFDO SUREOHPV RI EXLOGLQJ VWUXFWXUHV 3URFHHGLQJV SDUWLFLSDWLRQV DQG
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.RãLFH6ORYDNLDSS±
>@6ORYDN7HFKQLFDO6WDQGDUG671(1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